Despite being an ancient disease, tuberculosis (TB) remains the leading single-agent infectious disease killer in the world. The emerging serious problem of TB control and clinical management prompted us to synthesize a novel series of heterocyclic substituted diphenyl ether derivatives and determine their activity against the H37Rv strain of Mycobacterium. All ten compounds inhibited the growth of the H37Rv strain of Mycobacterium at concentrations of 1 μg/mL. This activity was found to be comparable to the reference drugs rifampicin and isoniazid at the same concentration. While the antimicrobial activity of other diphenyl ether analogues, such as triclosan, is associated with the inhibition of enoyl-ACP reductase (ENR), the synthesised substituted diphenyl ether derivatives did not affect this enzyme activity in spite of their structural similarity with triclosan. Therefore, these compounds appear to have a novel mechanism of action against M. tuberculosis, and their structural features should be studied further for their potential as new antitubercular drugs.
Introduction
Tuberculosis (TB), an ancient infectious disease of global influence, has re-emerged with multi-drug resistant strains (MDR-TB), extensively drug resistant strains (XDR-TB) and acquired immune defiency syndrome (AIDS). According to the World Health Organisation (WHO), one third of the world's population is infected with Mycobacterium tuberculosis (MTB) and about 1 billion more people will be infected with TB by 2020 [1, 2] . The estimated 8.8 million new cases per year correspond to 52,000 deaths per week or more than 7,000 each day [3, 4] . These numbers however, are only a partial depiction of the global TB threat. More than 80% of TB patients are in the economically productive age of 15 to 49 years, which results in tremendous economical and social problems.
About 15% of the projected one billion group (150 million) will exhibit symptoms of the disease, and about 3.6% (36 million) will die from TB if new disease prevention and treatment measures are not developed [5] . The dramatic increase in TB observed in the recent years is a result of two major factors. Firstly, the increased susceptibility of people infected with acquired immunodeficiency syndrome (AIDS) to TB, which augments the risk of developing the disease 100 fold [6] . Secondly, the increase in resistant strains of the disease [7] with some showing cross-resistance to as many as nine drugs.
Although one possible long term solution to the problem is a better vaccine, in the short term, the major reliance will be on chemotherapy requiring the development of novel, effective, non-toxic antitubercular agents [8] [9] [10] . The identification of novel target sites will also be needed to circumvent the problems associated with the increasing occurrence of multi-drug resistant strains. To do this, biochemical pathways specific to the mycobacteria and related organism disease cycle must be better understood. Many unique metabolic processes occur during the biosynthesis of mycobacterial cell wall components [11] . One attractive target for the rational design of new antitubercular agents are the mycolic acids, the major components of the cell wall of M. tuberculosis.
Mycolic acids are high molecular weight C74 to C90 α-alkyl, β-hydroxy fatty acids covalently linked to arabinogalactan [12] [13] [14] . They represent the major lipid components of the mycobacterial cell wall and are unique to mycobacteria and its related species [15] . Enzymes that comprise the fatty acid synthetase (FAS) complex responsible for fatty acid biosynthesis are considered ideal targets for designing new antibacterial agents. Enoyl-ACP reductase (ENR) is a key regulatory step in fatty acid elongation, and catalyses the NADHdependent stereospecific reduction of α,β-unsaturated fatty acids bound to acyl carrier protein [16] [17] [18] . Two studies have shown that 5-chloro-pyrazinamide (5-Cl-PZA) [19, 20] and pyrazinamide (PZA) inhibit the M. tuberculosis FAS I, indicating that FAS I is also a good drug target.
The diphenyl ether triclosan 5-chloro-2-(2,4-dichlorophenoxy) phenol ether is a broad spectrum biocide that has been used for over 30 years, mainly as a component of antimicrobial wash in consumer products such as toothpaste, mouthwashes, deodorant soaps, lotions, children toys and cutting boards [21] .
Until recently, it was thought that triclosan, being a relatively small hydrophobic molecule, was absorbed via diffusion into the bacterial cell wall and that its antibacterial activity was the result of a nonspecific disruption of the organism's cell wall [22, 23] . However, the first evidence that this diphenyl ether inhibits fatty acid biosynthesis came when a genetic analysis of an Escherichia coli strain resistant to triclosan linked the resistance to the FabI gene which encodes for ENR [24] . Subsequently extensive biochemical and structural studies have been performed to confirm that triclosan is a specific inhibitor of the E. coli ENR [25] [26] [27] [28] [29] . Triclosan also directly inhibits the ENRs from Staphylococcus aureus [30] , Haemophilus influenzae [31] , M. tuberculosis and M. smegmatis (encoded by InhA) [32] [33] [34] [35] , Plasmodium falciparum, the malarial parasite [36] [37] [38] , and in plants [39] . The common theme in the inhibition of ENRs by triclosan is the requirement of the NAD + cofactor. The interaction of triclosan with ENR is stabilised by the π-π stacking interaction between the hydroxychlorophenyl ring (ring A in Figure 1 ) and the nicotinamide ring of the NAD cofactor. The hydroxyl group of the NAD + ribose ring and the hydroxyl group of a tyrosine form hydrogen bonding interactions with the hydroxyl group of triclosan. Ring B of triclosan makes several hydrophobic contacts with ENR. The ether oxygen of triclosan may also be critical in the formation of the stable ENR-triclosan-NAD + complex, since the replacement of the group by a sulphur atom abolishes the inhibitory activity [25] .
Since diphenyl ethers (including triclosan) are well known for their antitubercular activities [40] and their mode of action has been studied [41] , our work has focused on the synthesis of compounds based on the diphenyl ether skeleton and tested them for their in vitro antitubercular activity. In vitro testing of their activity on over expressed E. coli ENR was also performed to determine whether their antitubercular activity was associated with inhibition of this target site.
Materials and methods

Reagents
All reagents were purchased from Sigma Chemicals (Bangalore, India) and were used without further purification.
TLC analysis
This was carried out on aluminum foil precoated with silica gel 60 F254 (Sigma-Aldrich, Bangalore). The solvent systems for TLC were chloroform:methanol (8:2 v/v), chloroform:ethyl acetate (1:1 v/v) and benzene:ethylacetate (1:2 v/v).
Equipment
Melting points were determined on a Toshniwal apparatus (Toshniwal Company, Bangalore, India) and are uncorrected. IR spectra were taken on Shimadzu FTIR 8300 (MCOPS, Manipal, India). Synthesis of oxadiazolethione (5a, 5b, 5c) (Scheme 1) Phenoxy benzaldehyde 1 was oxidised to phenoxy benzoic acid 2 using an alkaline KMnO 4 solution as per the procedure given in Vogel [43] . Phenoxy benzoic acid was converted to its respective ester 3 using methanol and concentrated H 2 SO 4 . Phenoxy benzoic acid ester was converted to hydrazide 4 using hydrazine hydrate as per the procedure given in Udupi [44] .
Mixtures of equimolar quantities of phenoxy benzoic acid hydrazide, CS 2 and KOH were taken in absolute ethanol in a round bottom flask. The solution was refluxed until the evolution of H 2 S had nearly stopped (about 18 h). The solvent was removed under reduced pressure, the residue dissolved in water and the solution was acidified with dilute HCl (10%). The resulting product 5 was collected, washed with water, dried and recrytallised from aqueous ethanol (80%). The purity of the compound was ascertained by a single spot on the TLC plate. The physical and molecular data are given in Table 1 . The solvent system for TLC was chloroform:methanol (8:2 v/v). Synthesis of triazole thione (7a, 7b, 7c) (Scheme 1) Equimolar quantities of acid hydrazide (4) and phenyl isothiocynate were dissolved in absolute ethanol in a round bottom flask. The solution was refluxed for 3 h on a water bath. The solution was concentrated under reduced pressure, the solid separated was collected and recrystallised from appropriate solvent to get the isothiocyanate derivative 6. This was further used to prepare the triazole whereby it was suspended in 4% NaOH and refluxed for 1 h. The resulting solution was filtered and the filtrate was cooled and acidified carefully with diluted acetic acid. The precipitate formed was filtered, washed with water, and the product 7 crystallised from ethanol. The purity of the compounds were established by a single spot on the TLC plate. The physical and molecular data are given in Table 1 . The solvent system used consisted of chloroform:ethyl acetate (1:1 v/v). 
5-(2-phenoxyphenyl)-4-phenyl
Mass
Calculated for C 20 H 15 N 3 OS 345.14 and molecular ion (m+1) peak from LCMS was obtained at 346.14.
Synthesis of isoxazole derivatives (10a, 10b, 10c) (Scheme 2)
Preparation of chalcone: m-phenoxy benzaldehyde 1 (0.01 mole) in ethanol (95%, 15 mL) was added to the mixture of acetophenone (0.01mole), ethanol (95%, 20 mL) and NaOH (40%, 8 mL) and stirred for 24 h. The content was poured into crushed ice, isolated by acidification and crystallised from ethanol (95%). Anhydrous sodium acetate (0.01 mol) dissolved in a minimum amount of hot acetic acid was added to the solution of hydroxylamine hydrochloride (0.01 mol) in ethanol (15 mL). This solution was added to a solution of chalcone (0.01 mol) in ethanol (20 mL). The mixture was refluxed on an oil-bath for 8 h, concentrated and neutralised with a NaOH solution (0.1%). The product 10 was crystallised from ethanol (95%). The physical data are presented in Table 1 . 
Synthesis of pyrazoline derivatives (9) (Scheme 1)
The m phenoxy benzaldehyde (0.01 mol) was dissolved in 15mL of ethanol and 2-Methylpyridyl ketone dissolved in 15 mL of ethanol was added. This mixture was kept on a magnetic stirrer and slowly a stream of NaOH solution (40%, 10 mL) was added and stirred overnight. The mixture was then acidified to obtain the chalcone. The precipitate was filtered, dried and crystallised from ethanol. The hydrazide of the benzoic acid was synthesised by the usual method.
The above prepared chalcone (0.01 mol) was dissolved in ethanol (15 mL) and 0.01 mol of the hydrazide of the benzoic acid was dissolved in ethanol (20 mL) and added. To this mixture a few drops of glacial acetic acid was added and the mixture was refluxed for 12 hrs. The solvent was then removed under reduced pressure and the product poured into ice cold water. The precipitate of pyrazoline (9) was obtained which was filtered and dried. The product was crystallised from ethanol. The physical and molecular data are given in Table 1 The solvent system for TLC was benzene:ethylacetate (1:2 v/v). 
Antitubercular activity
Antitubercular activity of the set of diphenyl ether derivatives was tested using the Lowenstein-Jensen medium (LJ medium) method [45] . Briefly, eggs were broken aseptically to obtain 200 mL of egg solution. The solution was filtered through a sterile muslin cloth into a sterile conical flask containing glass beads. Sterilised mineral salt solution (120 mL) (consisting of 4 g potassium phosphate (anhydrous), 0.4 g of magnesium sulphate, 1.6 g magnesium citrate, 6 g of asparagine, 20 mL of glycerol, distilled water to fill to 1L) and 4 mL of sterilised malachite green solution (2%) were added to the 200 ml of egg solution. The contents were mixed well to form a uniform medium.
Compounds (10 mg) were dissolved in 10 mL of DMSO to obtain a concentration of 1000 µg/mL. The samples were diluted further with DMSO to make 100 µg/mL and 10 µg/mL stock solutions. A 0.8 mL aliquot of each concentration was transferred into different McCartney bottles. To this, 7.2 mL of LJ medium was added and mixed well.
INH and rifampicin were chosen as the standard drug for the comparison of antitubercular activity. The drug was dissolved in DMSO and diluted and tested as described above. The bottles were incubated at 75-80°C for 3 days for solidification and sterilisation.
Procedure for inoculation
A sweep from H37Rv strain of M. tuberculosis culture was discharged with the help of 22 SWG nichrome wire loop of 3 mm external diameter into a sterile bijou bottle containing six 3 mm glass beads and 4 mL of sterile distilled water. Each loop of culture delivered approximately 4 mg of bacilli cells. The bottle was shaken with the help of a mechanical shaker for 2 min to constitute the suspension. The suspension was inoculated on the surface of each LJ medium containing the test compounds using 27 SWG nichrome wire loop of 3 mm external diameter. LJ medium containing INH and rifampin as well as the medium containing DMSO (control) were inoculated with the test organism for positive and negative controls. Medium without any test compound/DMSO was also inoculated with the test organism to check whether the media supports the growth of the tubercle bacilli or not. The inoculated bottles were incubated at 37°C for 6 weeks, at the end of which readings were taken.
Cloning and purification of E. coli ENR reductase
Genomic DNA was isolated from E. coli (DH5α) according to the method of Sambrook et al. [46] . Briefly, pelleted cells from 1.5 ml of saturated culture were resuspended in 1 mL of buffer (20 mM Tris-HCl, pH 8, 1 mM EDTA, 50 mM NaCl, 8% sucrose and 1 mg/mL lysozyme) by vortexing for 30 s. After 10 min incubation at room temperature, 50 mL of 20% SDS was added. The mixture was extracted with an equal volume of phenol/chloroform/isoamyl alcohol and precipitated with one volume of isopropanol. The pellet was washed with 70% ethanol and dissolved in 0.4 mL TE (pH 8). The coding region of fabI was amplified from the isolated genomic DNA by using polymerase chain reaction (PCR). The PCR reaction was performed using PfuTurbo DNA polymerase (Stratagene, La Jolla, CA) according to the manufacturer's instruction with upstream primer 5′-gccATGGGTTTTCTTTCCGGTAAG-3′ and downstream primer 5′-gctcgagTTTCAGTTCGAGTTCGTTCATT-3′. The PCR product was digested with NcoI and XhoI that was introduced into the primers at the 5′ and 3′ ends, respectively, and cloned into similarly prepared pET28b (Novagen, Madison, WI). The clone was sequenced to confirm without errors. This plasmid was designated pETFab and transformed into BL21 (DE3) cells for expression. ENR was purified by metal affinity chromatography using a HisTrap HP column (GE Healthcare Bio-Sciences Corp, Piscataway, NJ) as described previously.
Enzymatic assay of ENR ENR activity was determined spectrophotometrically by monitoring oxidation of NADH at A340 according to Ward et al. [26] . The assay buffer consisted of 10 mM sodium phosphate, pH 7.2. The compounds were first tested at 100 μM to determine which diphenyl ether analogue was active against ENR activity. All inhibitors were dissolved in acetone and control samples received equivalent amount of acetone (1% v/v final concentration). ENR (24 nM or 1 ng/mL) was incubated with the compounds in the presence of 100 μM NAD + for 30 minutes at room temperature prior to assay. Crotonyl-CoA (100 μM) was added to the mixture and the reaction was initiated by the addition of (100 μM) NADH. The oxidation of NADH was monitored for 60 sec by measuring the change in A340 in a spectrophotometer (UV3101PC, Shimadzu Corporation, Japan) with the cell thermostabilised at 25°C.
Results and discussion
A series of cyclic azole substituted diphenyl ether derivatives were synthesised using ortho-, meta-, or para-phenoxy benzaldehydes with different reagents to form the desired heterocyclic diphenyl ether derivatives. Overall, the yields were in the range of 60-88% and the compounds crystallised readily. Their structures were confirmed by GC-MS, LC-MS, 1 H-NMR and IR spectroscopy (given in the synthetic procedure).
The compounds listed in Table 1 were evaluated for antitubercular activity. All ten diphenyl ether derivatives were highly active against the H37Rv strain of M. tuberculosis ( Table 2 ). The compounds inhibited the growth of the human pathogen at concentrations as low as 1 µg/mL. A concentration of 1 µg/mL corresponds to 3.7 µM for the compounds in series 5, 2.9 µM for compounds in series 7, and 2.4, 3.2, 2.9 and 2.9 µM for compounds 9, 10a, 10b, and 10c, respectively. Such level of antitubercular activity is comparable to other standard drugs such as isoniazid and rifampicin, which have MICs at 0.01-1.25 and 0.06-0.25 µg/mL, respectively [42] . The diphenyl ether triclosan has a MIC of 5 µg/mL (17.4 µM) for M. tuberculosis [33] .
The mechanism of action of the diphenyl ether derivatives synthesised for this study was investigated by testing the activity of these compounds on E. coli ENR. In spite of the very high antitubercular activity, these compounds had very low activity on ENR. Unlike triclosan, which completely inhibited E. coli ENR activity at 1 µM, none of the diphenyl ether derivatives from this study inhibited ENR to any great extent at 100 µM. This is in stark contrast to the high in vitro activity displayed by these compounds, suggesting that the cyclic azole substituted diphenyl ether derivatives used in this study have a different mode of action than triclosan.
There may be several factors contributing to the lack of activity of these compounds on ENR. One of them might be the 5-chloro group on triclosan that is known to be very important for tight-binding and for slow-binding inhibition, and removal of this group reduces the binding 450,000 fold [40] . The low ENR inhibitory activity of the diphenyl series used in this study may also be the result of the absence of similar halogenated substitutions. For personal use only.
